The paper aims at providing an overview on the current automation level of geometric verification process with reference to some aspects that can be considered crucial to achieve a greater efficiency, accuracy and repeatability of the inspection process. Although we are still far from making this process completely automatic, several researches were made in recent years to support and speed up the geometric error evaluation and to make it less human-intensive. The paper, in particular, surveys: (1) models of specification developed for an integrated approach to tolerancing; (2) state of the art of Computer-Aided Inspection Planning (CAIP);
INTRODUCTION
In recent years, the search for competitive products, shaped-complex and with high quality and low cost, has made the geometric verification a very critical and laborious phase in the life cycle of industrial products. A growing interest in advanced methodologies capable of performing an automated geometric inspection of manufactured parts has thus been generated.
Product geometric verification is an important phase of the manufacturing process; its aim is to verify whether manufactured parts comply with the permissible dimensional and geometric deviations, identified during the design process and expressed by a suitable set of geometric specifications (or tolerances). Tolerance verification is divided into two main phases: data acquisition from workpiece surface (or digitization) and data processing. Data acquisition is performed by At present, no paper gives an overview of the research efforts made so far to reduce or even eliminate the human contribution during various phases of the process of geometric verification. There is a need, therefore, for a study to draw the state of the art of the objectives achieved by researchers, which have developed technologies and/or methodologies to increase the level of automation of verification process, especially in light of recent developments in the field of 3D digitization instruments.
In order to fill this void, this paper provides an overview of the current level of automation of verification process, especially with reference to some aspects considered crucial to achieving greater efficiency, accuracy and repeatability of inspection process. Not all of these aspects concern exclusively the phases of data acquisition and processing. A first important issue pertains the need for a unique model of specification for tolerancing to be used to express, analyze, simulate and verify the tolerance specifications. If such a model was computer-interpretable, it would be possible, for example, to understand automatically what kind of information that 3D scanning is to retrieve during data acquisition and how 3D point data have to be transformed into measurements or features extracted from high-density point clouds. Currently, geometric specifications defined in a CAD system are only textual information, thereby not capable of feeding directly downstream applications, such as computer-aided process planning (CAPP), computer-aided manufacturing (CAM) and computer-aided inspection (CAI). To overcome this limitation, geometric specifications can nowadays be either defined interactively by the user within a specific software environment or imported from CAD model, by using proprietary and neutral standardized interfaces. Other important aspects considered here concern the planning of inspection process and the data processing aimed at the evaluation of dimensional and geometric errors of manufactured product.
The rest of this paper is composed of a series of three sections, each of which considers one issue critical for achieving an accurate and repeatable verification process. Section 2, in particular, surveys research efforts made with a view to developing a model of specification for an integrated approach to tolerancing that can be computer-interpretable. In section 3, an overview of approaches proposed for Computer-Aided Inspection Planning (CAIP) is presented. Section 4 focuses on methodologies developed to limit or eliminate the human contribution during data processing aimed at geometric error evaluation. Finally, section 5 concludes the paper by presenting also possible future perspectives of the research on automation of geometric inspection.
REVIEW ON MODELS OF SPECIFICATION FOR AN INTEGRATED APPROACH TO TOLERANCING
Geometric variations of manufactured parts are inevitable and their control during the whole product development process is a critical issue for cost reduction and quality improvement of product. Although the modelling of product shapes and dimensions is now largely supported by simulation, analysis and visualization tools of CAD systems, so that a common geometric database is provided for design, analysis, manufacturing and verification, the underlying geometrical variations cannot yet be addressed efficiently during the overall product life cycle. The CAD model represents the nominal geometry of the product that is always an idealization of the part to be manufactured. The nominal model is a representation of the workpiece as conceived by the designer, where ideal shapes and dimensions are established to accommodate the required functional performances of the product and without taking into account the inevitable dimensional and geometric deviations. Variations of product geometry often involve a degradation of its quality so that they must be limited by a suitable set of geometrical specifications (or tolerances). These tolerances identify the field of permissible deviations of a number of part's characteristics that allow satisfying its functional requirements.
Several difficulties are encountered by industry during geometric verification of component. Faced with the physical object, the metrologist, not finding perfect shapes, asks questions that the designer had not thought of. Several difficulties are, therefore, encountered in defining a correct measuring process. To solve these problems, industries need the development of a model of specification for tolerancing that can be univocally understood by the various stakeholders involved during the product development process. An integrated approach to tolerancing requires that product geometric specifications are expressed, from the definition step to the production and verification phases, by a language based on a uniquely determined model. Additionally, the semantics of the specification expressed with this language, besides being univocally understood, must be represented explicitly in order to make it computer-understandable. This is currently a challenging task in Computer-Aided Tolerancing (CAT).
Several models of specification for tolerancing have been proposed over the years. These models implement mainly two approaches:
• documentation-oriented approach; • mathematical approach.
The first is standard-based [12] [13] and aims at presenting the different types of tolerances in a human-readable and understandable way. The corresponding models are called presentation models in [14] . In a presentation model, the tolerance information is managed as an attribute of a geometric feature so that its meaning can only be read and understood by domain experts and not directly interpreted by computers, opening the doors to potential errors.
Interpretation models are necessary to construe the meaning of a presentation model in an unambiguous and rigorous way. These models, referred to as mathematical models for tolerancing, although not directly read and understood by computers, translate the tolerance information in the form of mathematical expressions. A representation model is built subsequently to represent the interpretation model in a computer-interpretable way [14] . A comprehensive and recent overview on representation models can be found in [15] .
Several interpretation models were proposed over the years. The offset zone model, proposed by Requicha in [16] , is a mathematical model where the tolerance zone is represented as an offset of a certain distance applied to the boundary surfaces of the CAD model. Since this tolerance zone is composite, it does not allow one to model each type of geometric variation separately, nor to study their interactions [17] . In a more recent paper [18] , Roy et al. proposed a new scheme for representing form tolerances for polyhedral objects in solid modelers. Based on variational models, algebraic constraints were derived to define a complete form tolerance zone. The surface affected by form errors was described, particularly, by a sixteen-point bi-cubic surface approximation scheme proposed to replace Bezier or B-spline surfaces of previous researchers. The offset zone model was improved by the virtual boundary representation (VBR) method [19] . Since the aim of the tolerances is to characterize the product functional requirements, the maintenance of material bulk in critical locations and spatial relationships for assembly were considered as functional constraints and captured as virtual boundary requirements. The main shortcomings of the VBR method are that the datum interpretation does not comply with ISO standards and not all types of tolerance can be described.
A vectorial approach for tolerance representation was proposed in [20] . This approach, in particular, interprets the tolerance specification as a constraint on the components of a vector that relates toleranced feature to a given reference. The main shortcoming of the vectorial approach is that form tolerances cannot be accounted for. Among the various mathematical models of this approach, particularly significant is the technologically and topologically related surfaces (TTRS) model proposed by Clement and Riviere in [21] . Using the displacement group theory [22] , the TTRS model represents tolerances as small rigid displacements of the geometric feature to be inspected from the nominal position within the tolerance zone. A 6-dimensional vectorial representation, the so-called torsor, containing 3 rotation and 3 translation values is used for representing the tolerances. According to the TRSS model, all the surfaces or features can be classified, based on their respective degree of invariance under the action of rigid displacements, into the following seven elementary types or invariance classes: sphere, plane, cylinder, helix, revolution feature, prismatic and generic feature. Each of these classes can be associated with a unique minimum geometric reference element (MGRE), defined as the set of points, lines, planes and helices that shows no change in position or orientation under the invariant displacement of the class to which the surface belongs. This combination of elementary geometrical objects allows positioning and orienting any feature in Euclidean space [23] [24] . The concepts of invariance class, invariance degree and MGRE are currently adopted by ISO standard for geometrical product specification [8] , although the term situation feature substituted the acronym MGRE. In table 1, the surface types or invariance classes with the corresponding invariant rigid displacements and situation features are shown. The acronym TTRS, given to this model, derives from the fact that, during tolerancing process, functional features of the same mechanical part are associated, two by two, to form a TTRS. A TTRS is, therefore, a set formed by two features (or by two TTRS or by a feature and by a TTRS), which can be reclassified in one of the seven previously mentioned classes depending on the type of feature or TTRS and of the mutual geometric relationship existing between them (such as concentricity, parallelism, perpendicularity, etc.). For each tolerance related to a TTRS, the tolerance zone can be represented as a torsor containing the non-invariant rotations and translations. The tolerances are therefore significant only if they are active along directions different from those leaving the surface invariant with respect to itself. Based on this theoretical background, the TTRS model is able to propose automatically the tolerance types and to check the correctness of the tolerance specified, once the TTRS model is built. The TTRS approach was successfully implemented in CATIA V5 workbench for tolerance specification and analysis. Its main shortcoming is that of being appropriate only for ideal features, i.e. the TTRS model is not able to represent form tolerances. Moreover, this tolerance representation is unable to distinguish between variations resulting from size, form, and location. Finally, the TTRS approach is not able to consider datum precedence.
Geospelling is a language for geometrical specification and verification developed by Ballu and Mathieu in the nineties [25] . This language allows representing both ideal and non-ideal features and describing geometric variations, during the overall product development cycle, from design to manufacturing and inspection. Geospelling was adopted by the current ISO tolerancing standards [8] , and it is based on the fundamental concept of skin model. Within Geospelling and ISO standards, the skin model is defined as a non-ideal surface model, abstract and infinite, that is imagined by designer for representing "the physical interface of the workpiece with its environment" and, consequently, the geometric deviations that are expected, predicted or already observed on the real surface of the workpiece due to manufacturing processes. Based on GeoSpelling language, a tolerance specification is defined as "a condition on a characteristic defined on a geometric feature or between geometric features which are created from a skin model by different operations" [26] . ISO standards are currently based on the key concepts of skin model and characteristic [8] . In particular, the characteristic can be defined on one geometrical feature (intrinsic characteristics) or between geometrical features (situation characteristics). The first type identifies an attribute of an ideal feature, the second is an attribute defined between ideal features or between non-ideal and ideal features.
In GeoSpelling, the ISO specification is interpreted as a sequence of geometric operations on the skin model, such as for example partition, extraction, filtration and association [27] . These operations can be applied also to the nominal model, as well as to the surface of real workpieces or of discrete models acquired during the geometric inspection, and allow obtaining ideal or non-ideal geometric features. The most original aspect of Geospelling is that the specification is built not starting from the nominal model, but from the skin model itself. As stated above, the skin model is an infinite model: this infinite description is, in fact, necessary to consider all kinds of geometric variations, from a macro to a nano scale. Since it is infinite, the skin model is identified by an infinite set of parameters so that this model does not allow any representation, simulation or calculation [28] . A finite description of the skin model, however, is useful for several reasons, such as for example to simulate the geometric deviations of a workpiece in order to analyse their influence on the functional behavior and/or on perception of the product quality by the customers. This leads to the idea of skin model shapes [29] , which are particular and finite skin model representatives comprising a finite number of geometry parameters or points. In [30] , an approach based on 3D discrete geometric models is proposed to describe form, orientation and position deviations by employing second order shapes and different methods for obtaining randomly deviated geometry.
A language, coherent with the Geospelling concepts and aimed at the automatic geometric verification of industrial products, was recently proposed in [31] . This language expresses the geometric specification in terms of intrinsic quality properties that can be automatically recognized starting from the high-density triangulated model of the workpiece. These properties of form, orientation and localization can be recognized from the CAD model to high-density tessellated models, both experimentally acquired from manufactured parts and synthetically generated as skin model shapes. During the error evaluation, some intrinsic references are associated with the recognized properties so that dimensional and geometric deviations can be evaluated starting from these references. The recognition process of these intrinsic quality properties is carried out by the approach developed in [31] [32] [33] and it is articulated into two main key steps. The first aims at identifying the regular vertices or, equivalently, at detecting the workpiece surface discontinuities. The second recognizes the geometric type of the surface features, by using a fuzzy methodology that investigates on the recurrence of specific differential geometric properties among regular vertices of the tessellated model. At the end of this process, the workpiece model is segmented in analytical (plane, sphere, cylinder, torus and cone) and non-analytical features (generic-extruded, generic-cone, generic axially symmetric and free-form) and several types of intrinsic references can be recognized. Some of these, such as intrinsic shape reference (ISR), intrinsic derived reference (IDR) and intrinsic local reference (ILR), are associated to global or local ideal shape properties. Other intrinsic references, such as orientation reference (IOR) and position reference (IPR), pertain to mutual geometric properties between the features.
An ISR, in particular, is recognizzed whenever a set of points, regular and adjacent, can be considered as lying on an analytical surface. The type of ISR depends on geometrical type of analytical surface. Based on ISR type, some dimensionable intrinsic geometric parameters (the afore-mentioned intrinsic characteristics), can be automatically identified and evaluated from the associated ideal feature. Table 2 lists the intrinsic characteristics for different types of ISRs.
ISR type Intrinsic Characteristic
Plane None Sphere Diameter Cylinder Diameter Cone
Apex angle The IDR is a derived reference: differently than the ISR, this is a geometric entity that cannot be directly identified on the acquired object, but it can nevertheless be derived from measured data. In most cases, the IDRs are situation features, which orient and locate the features. The ILRs, finally, refer to properties, not yet considered in the current tolerancing standards, which locally characterize the surface shape and are identified in the recurrence of intrinsic local properties all over the surface (such as surface regularity) or along a line suitably extracted from it (such as profile regularity or ruledness) [31] . The IOR is detected whenever a mutual geometric property of parallelism, perpendicularity or frequently recurring orientations (such as 30°, 45° and 60°) is recognized between features. The recognition of these orientation properties requires as necessary condition that situation feature of both features includes a spatial direction, such as in the case of plane, cylinder, cone, helix, etc. (table 1) . More details about how to verify that a system of parallel entities is coherent with the transitive property and how to solve any incoherence among them can be found in [32] . An IPR is finally detected whenever a mutual geometric property of coaxiality, concentricity or coincidence is recognized between features. The necessary condition for IPR recognition is the identification of a localized situation feature, i.e. a situation feature that can be unequivocally positioned with respect to a reference frame, for both features.
All the intrinsic references recognized are organized into a hyper-graph data structure, called Geometric Model for Tolerancing (GMT) [31] [32] [33] , where each node is associated to a feature and each edge to an adjacency or mutual geometric relationship between features. In Figure 1 b) , the graph of the orientation properties recognized by the methodology detailed in [32] is represented for the object shown in Figure 1 When using GMT, tolerances can be specified according to this set of recognizable intrinsic references, so enabling the automatic geometric verification of the workpiece. New intrinsic references, made possible by the foreseeable improvements to current acquisition devices or by the development of new measuring systems, can be always added to the GMT database at any time.
A model of specification aimed at the automatic geometric verification of the workpiece should also be able to distinguish primary from secondary features, since the latter are not subject to explicit geometric specifications. According to the designer's intent, secondary features serve to remove the By integrating the concepts of primary and secondary feature into GMT, a high-level semantic description of the object may be obtained, where primary features are separated from secondary features and all transitions between primary features are identified and classified. The automatic geometric verification can, therefore, be performed differently for various feature types.
REVIEW ON COMPUTER-AIDED INSPECTION PLANNING (CAIP)
In the past 30 years, several research efforts have been focused on CAIP. The need for more automated planning of inspection process and better decision support tools has increased as the complexity and variety of products increased and product development time reduced. Therefore, CAIP plays a fundamental role in the automation of inspection process steps in order to increase efficiency and effectiveness of the whole measurement process [35] . Its aim is to determine what features of a product are to be inspected (inspection features), with which measuring instruments and in what sequence.
A CAD model including geometrical and dimensional specifications is typically used as input for CAIP methods. Most of the CAIP systems were developed for Coordinate Measuring Machines (CMMs) equipped with a touch probe [36] . The analysis of the related literature shows that, in the last three decades, the following phases have been passed:
• manual planning; • planning generated by CAI (Computer-Aided Inspection) software (still the most commonly used approach); • planning based on feature recognition; • intelligent systems for inspection planning.
Certainly, the last two methodologies are the most interesting because they have as their objective the planning automation. With regard to the feature-based approach for inspection plan generation, Cho et al. [37] propose one of the most important methods. It consists of two levels: global and local. The first determines feature sequences and touch probe orientations, while the second one defines the touch probe local path for each feature.
Artificial intelligence and knowledge-based techniques such as Expert Systems [38] [39] , Neural Network [40] [41] and Fuzzy Rules [42] [43] [44] , are proposed as intelligent systems for inspection planning.
The existence of a wide and voluminous literature about CAIP for CMMs is due to high accuracy, repeatability and reliability of these measuring instruments. However, some important limitations cause serious bottlenecks in industrial inspection and productivity, such as the maximum permissible speed (60 points per minute) and the need to perform a set of activities before the object acquisition by CMM (such as sampling distance definition, checking the accessibility of measurement points, clustering and sequencing of measurement points, and collision-free probe path planning). CMMs, therefore, are not very efficient in measuring a workpiece since the acquisition of a large number of points is required in order to define the characteristic to be measured and to evaluate the object deviations. Nowadays, with the advent of high-resolution optical digitizers, new prospects are offered for real automatic geometric inspection [45] .
Point clouds, captured during the digitization phase by a 3D scanner and consisting of raw 3D data, must be suitably pre-processed. This phase usually includes data registration, outliers and isolate points removal, point thinning (or decimation), and noise reduction (or smoothing). The acquisition of the entire surface of the workpiece typically requires that different orientations of the part, in front of the 3D scanner, must be considered so that several multiple views are captured. In order to create a single representation of the real surface of workpiece, these views must be integrated under the same coordinate system by a process called registration. A discrete manifold model of the object, in the form of a triangulated mesh, is sometimes required. Figure 3 shows the flowchart of the main phases of data pre-processing. Typically, skilled operators with the support of commercial software [46] [47] perform all these operations manually. Since these operations are of common use (they are widely used, for example, before processing data for reverse engineering), only a quick mention about them is made in this work. A recent review, however, of the most used methods for registering multiple views, removing invalid data (outliers or isolate points), decimating the number of acquired points and reducing the measurement noise can be found in [48] .
With the aim to automate the scanning process, Bici et al. in [49] proposed the Computer-Aided Path Definition (CAPD). The CAPD consists of two main phases:
• selection of 3 positions of the object to be scanned, based on the stability, visibility and handling of the positioning; • identification of the optimal angles for laser scanner orientation.
The result is an automatic procedure, which reduces by 90% the time required for scanning a geometrically complex component respect to the traditional manual procedure. The main limitation of non-contact sensors, such as laser sensors, is the acquisition quality that is low respect to the tolerances values to be typically verified and highly affected by the surface reflection and measuring strategies [50] [51] . Because of the complementary characteristics of contact and non-contact sensors, combining them can increase significantly the performances of the inspection process. For this purpose, in the last years, some efforts have been addressed to the development of CAIP for multi-sensor measurements [52] . The multi-sensor CAIP process can be decomposed in two levels: high and low. In the high level the suitable sensor and the configuration is associated to each inspection feature; in the low level the scanning sequence for each inspection feature is defined.
Despite the growing interest in this new acquisition method, few papers have been published concerning the automation of inspection planning by using both sensors. The methodology, proposed by Zhao et al. in [53] , starts with the identification of the inspection features from a CAD model by means of the corresponding PMI (Product and Manufacturing Information) data. For each specified inspection feature, the most suitable sensor is selected by a knowledge-based method. The inspection features are clustered according to the corresponding selected sensor. Then, two planning modules for automatic inspection are developed for all the specified inspection features, one for the laser sensor and the other for the tactile sensor. The separate use of two sensors, measuring in sequence all the features of each cluster with the corresponding sensor, can cause significant registration errors due to laser sensor reorientation and repositioning. To take advantage of the combined use of the two sensors, Sadaoui et al. introduced a new methodology for automated inspection sequence planning by combining a laser sensor and a touch probe where the features are grouped according to their orientation [52] . Laser sensor is preferred to touch probe for those features characterized by an orientation that produces measurements, whose accuracy is consistent with tolerances and/or specifications.
The approach consists of the following four steps: The evaluations on sensor capabilities are performed according to quality and accessibility criteria.
REVIEW ON THE METHODOLOGIES FOR DATA PROCESSING AUTOMATION
Various methodologies were proposed to limit or eliminate the human intervention during the data processing required by the workpiece geometric verification. These researches aim at making the results of the measurement process more accurate and repeatable. The objective of geometric verification is to verify if the condition on a characteristic defined by the specification operator is satisfied or not [54] . The specification operator, in particular, identifies univocally the semantics of specification by establishing a sequence of geometrical operations on the skin model. These operations allow identifying one or more features from the skin model and defining a characteristic. During the tolerance verification, each geometric operation of the specification operator corresponds to an operation of the verification operator applied to the discrete model acquired experimentally from the workpiece (principle of duality) [55] . These operations depend on the measurement equipment and they should identify univocally the verification plan, whose final aim is to compare the result of measurement with the value assigned to the characteristic by tolerance specification.
Error evaluation always requires a reference from which dimensional and geometric deviations are evaluated. In this regard, the most used approach is the model-based approach, where the 3D CAD model serves as a reference from which deviations are measured. One advantage of this approach is that it can use the CAD model also to partition automatically the discrete model acquired experimentally into non-ideal features from which to measure the specified characteristic [8] .
Partition is actually one of the most critical operations of the verification operator. Attributing a point to a feature rather than another is, in fact, a complex process especially for the points close to the transition between features, such as the point P in Figure 4 . Currently, there are not yet ISO standards that specifically consider this operation of cloud point partition. Then, giving such a task to the skill and experience of the operator makes the measurement process not very accurate and repeatable. Several research efforts were made in order to automate cloud point partition. Most of the algorithms proposed require the CAD model of the workpiece to be inspected. The CAD model gives, in fact, a nominal geometric description of the workpiece, where the surfaces are in the form of parameterized equations (NURBS) and the mutual geometric relationships between them (such as adjacency, orientation and localization) are explicitly represented [45] [46] [47] , [56] [57] [58] . The mapping between one surface of the CAD model and the corresponding point sub-cloud is generally performed by a methodology based on alignment and segmentation. In [56] this methodology was used for the inspection and verification of profile tolerances without datums applied to free-form surfaces. Li and Gu analyzed the CAD model and the measured data so that distinct surface features were extracted by an automatic segmentation process based on gaussian and mean curvature values. These properties were used to find the corresponding matches between CAD model and measured data. The first coarse alignment of the measured data with the nominal model was carried out by calculating the transformation matrix from the extracted features' centroids. Then, the alignment was refined by least-squares method, where the sum of the squared distances between the corresponding points of two surfaces is minimized. For profile tolerances with datums, the verification process is similar to the inspection of tolerances with datum applied to analytical features and it is described in the following of the paper. A faster approach for free-form surfaces inspection was proposed in [57] , where two algorithms, respectively the bounding box and the convex hull method, were implemented for the rough alignment between point cloud data and CAD model, without using any information on surface curvature properties. Since the point cloud and the CAD surface represent the same object, the bounding box method is based on the concept that the sizes of the corresponding minimum axis-parallel bounding boxes have to be equal. This method was applied for the first rough alignment. A flip algorithm was proposed, moreover, to solve some mismatches that may arise if the point cloud has been rotated by 180 degrees with respect to the surface about one or more principal axes. The next method of the convex hull, more accurate than the bounding box one, is based on identifying certain regions in the convex hulls of the point cloud and in the NURBS surface and on the relative alignment by using local properties, such as surface normal at the points of these regions. An approach similar to [56] was proposed by the inspection methodology presented in [58] and aimed at verifying the workpiece conformance to tolerance specifications applied to integral features of both analytical and free-form type. The high-density point cloud was aligned with the CAD model by means of the iterative closest point (ICP) algorithm. The 3D point cloud was, then, partitioned by associating the points matching the same local geometric properties (curvature) with the nearest CAD surface.
Error evaluation, however, requires an analytical description of the related reference only for free-form feature verification. In this case, the CAD model efficiently provides the analytical description of the reference element from which deviations are to be evaluated. For geometric verification of analytical features, the model-based approach is not the only possible. Additionally, it shows certain drawbacks and shortcomings, as pointed out later.
In [58] , the evaluation of the error was carried out in two phases: the further local alignment of the non-ideal feature with the CAD model and the evaluation of the perpendicular distance between each 3D point of the non-ideal feature and the corresponding NURBS surface of the CAD model. The tolerance zone was limited, therefore, by two surfaces placed up and down the CAD surface at a distance t/2 from it, where t defines the specified width of the tolerance zone. The application of this approach to the verification of tolerances with one or more datums, however, has certain drawbacks. In the most straightforward case of one datum, the datum feature has to be aligned with the corresponding NURBS surface of the CAD model. This surface, however, belonging to the CAD model, satisfies more geometric and dimensional constraints than those required for the tolerance evaluation, so that a possible non-conformance to the tolerance specification could exclude wellworking parts.
The use of the CAD model as a reference during geometric verification can lead to another problem: that of limiting the inspection to the only geometric entities that can be represented by a geometric model. This is an important shortcoming for the geometric verification, because it requires that a language "semantically poorer" than the Geometric Product Specification (GPS) language, used by ISO tolerancing standards [8] , is used to express the geometrical specifications. The CAD model-based methodologies, in fact, often cannot represent explicitly integral lines (such as the circular transverse profile of axially symmetric surfaces) and derived geometric entities (such as the axis of symmetry) extracted from feature surface. This fact represents a significant shortcoming considered that, among the specific properties of the surface actually playing an important functional role in the object, there are some, such as straightness, circularity, etc., that involve these features.
The axis, in particular, is very important for geometric verification of the workpiece: its preliminary and accurate estimation is often a key prerequisite for the inspection of geometric properties specific of axially symmetric surfaces, such as roundness, straightness of the axis and run-out. Axis derivation from discrete models is, however, a complex issue. The axis is, in fact, a non-physical geometric entity because it is not directly extractable from the acquired surface; on the other hand, it can be derived from the surface taking advantage of some properties of axially symmetric surfaces [59] . In the literature, several algorithms for axis identification were proposed and some interesting methods can be found in [60] [61] [62] [63] . Figure 5 , in particular, shows the several steps necessary for the extraction of the median line and the axis derivation, by using the circle and line fitting method, which is currently recommended by ISO standards [64] . The description of these methods is, however, beyond the scope of this work.
Figure 5:
The several steps, ordered from left to right, necessary to extract the median line as the collection of 2D-associated centers and to derive the axis [64] .
The problem of verifying the conformity not only of integral features, but also of derived features which must be extracted properly from the acquired surface, led to consider the RE (Reverse Engineering) software a suitable environment for the development of an automatic inspection system. In [45] the authors, for example, built up an automatic geometric inspection system within a commercial RE software. To have geometric specifications able to feed automatically the data processing of the verification process, a nominal inspection frame (NIF) was defined, by which the user specified interactively every dimensional and geometric tolerance for an imported CAD model or a digitized reference model (or master model). Once the NIF was created in the RE environment, it can be used to inspect a batch of parts of a particular kind. The methodology, particularly, first aligned the scanned data with the reference CAD model and then partitioned the 3D point clouds into non-ideal features so that the toleranced features could be directly identified by the computing and extraction functions of the RE software. A similar CAD model-based approach was implemented also in [46] [47] .
Nowadays, new methodologies are available to perform the geometric verification without requiring the CAD model, neither for discrete model partition nor as reference for error evaluation. These methodologies automatically partition the high-resolution discrete model of the workpiece into a set of non-ideal features, by means of a segmentation process that does not require any CAD model of the product. An interesting example can be found in [65] , where a numerical and topological tool, the tree of level sets, was applied to the discrete manifold model generated by the tessellation of experimental point clouds. The authors apply this tool for identifying significant level sets using the mean curvature evaluated on the surface mesh. Low curvature regions, separated by high ridges curvature that probably will define the boundaries, were identified. To achieve the segmentation, a simple regression model extracted regions with homogeneous curvature.
Another methodology that can be used for the automatic partition was previously described in section 2 [32] . Compared with [65] , this methodology shows the additional advantages of qualifying the geometric type of non-ideal features making up the workpiece interface and of recognizing the related intrinsic references, which represent the prerequisite for carrying out an automatic error evaluation. The recognition of the geometric type of non-ideal feature allows, in fact, evaluating automatically the geometric errors both for integral features and for derived features, by estimating the deviations of the feature from the associated intrinsic reference. This reference, unless a free form surface (or profile) is to be inspected, can be identified from the corresponding non-ideal feature by solving a constrained optimization problem, whose analytical formulation depends on the association rule eventually expressed by the GPS specification [8] .
axis median line
However, to carry out an automatic geometric verification of the workpiece it is necessary that, secondary features (such as fillets, rounds, chamfers and grooves) be differentiated from primary ones during the partition of the discrete model acquired experimentally. Secondary features, although important, play auxiliary functions and are subject to specific tolerances [34] . The recognition process of these features from discrete geometric models is, however, a complex issue. The secondary features often have a geometric description identical to that of the primary features, so it is not trivial to differentiate them. In [66] [67] a method, able to recognize the secondary features from discrete geometric models synthetically generated, was proposed. Additional issues, due to the non-ideal geometry of the real object and measurement errors, complicate the recognition process from experimentally acquired meshes, such as the fact that the nodes of the mesh do not lie perfectly on the transition between the features of the model or on the edges, as shown in Figure 4 . To cope with all these problems, [68] proposed a new methodology based on the analysis of geometricdifferential properties of discrete models. This methodology segments automatically the various secondary features with constant radius by aggregating adjacent nodes, recognized as similar in terms of fuzzy membership functions suitably defined. Several strategies, in particular, were implemented in order to reduce the sensitivity to uncertainties without affecting the selectivity of the recognition. The fuzzy logic, in particular, allows setting the recognition range of the secondary features, so that the method can be tuned in order to segment features having a large variability of radius values. The methodology performs the secondary features segmentation, recognizing also shapes not generally detected by other methods devoted to only analytical geometries, such as segments of tori and cylinders (for example the RANSAC method [69] ). For this reason, this methodology can be also applied to recognize complex swept features with constant radius transverse section [70] [71] .
CONCLUSIONS AND FUTURE PERSPECTIVES
The paper provided an overview of the current automation level of geometric verification process with reference to three crucial issues to achieve greater efficiency, accuracy and repeatability of the inspection process: 1) models of specification for an integrated approach to tolerancing; 2) Computer-Aided Inspection Planning (CAIP); 3) data processing aimed at geometric error evaluation.
An integrated approach to tolerancing requires a language able to express univocally the product geometric specifications from design to production and verification phases. This paper reviewed several models of specification proposed over the years up to the most recent Geospelling [26] [27] [28] and GMT [31] [32] [33] . Geospelling is a language for geometrical specification and verification adopted by ISO standards and based on the concept of skin model. GMT is a language coherent with the Geospelling concepts and aimed at the automatic geometric verification of industrial products.
The analysis of the state-of-the-art of CAIP systems showed several efforts to support and speed up the scanning process and to make it less human-intensive. Most of the CAIP systems were developed for CMMs equipped with a touch probe, due to high accuracy, repeatability and reliability of these measuring instruments. However, some important limitations (maximum permissible speed, low efficiency in the acquisition of a large number of points, preliminary time-consuming activities requiring an experienced operator) cause severe bottlenecks in industrial inspection and productivity. In the last years, great efforts have made to develop high-resolution optical digitisers (above all with laser sensors), with the aim at offering new prospects for real automatic geometric inspection. Despite constant improvements, to date, the main limitation of laser sensors is the acquisition quality that is low respect to the tolerances values to be typically verified and highly affected by the surface reflection and measuring strategies. In order to increase significantly the performances of the inspection process, some interesting CAIP methods recently published, concern the automation by using both sensors. The results obtained show how such CAIP systems have the potential to manage an automatic, accurate, repeatable and reproducible acquisition system.
In the data processing aimed at assessing geometric error, the partition is actually one of the most critical operations and not yet standardized by ISO. Several research efforts have been made in order to automate it. Most of the proposed algorithms require the CAD model of the workpiece to inspect. However, new methodologies are now available based on the analysis of specific differential geometric properties evaluated from discrete model and able to perform the geometric verification without requiring the CAD model, neither for discrete model partition nor as reference for error evaluation.
Based on these conclusions, the following future perspectives can be outlined. The improvement in the accuracy with which the high-density discrete models, acquired by 3D scanning, describe the geometry of workpiece interface, is opening up new opportunities for the process of geometric verification. Firstly, new geometric properties, potentially critical for the workpiece functionalities, may be conceived, in addition to those traditionally considered in the current tolerancing standards. In this regard, something has already been proposed. For example, new categories of form errors have been conceived recently in [72] . Among these, the total roundness, which measures the deviation of the non-ideal axially symmetrical feature from a set of circles, all having their centers on the feature axis. Whereas the evaluation of run-out error requires that an external datum (axis) be specified, total roundness is estimated from an implicit (intrinsic) datum: the revolution axis of the inspected feature. The verification of this geometric error, which is also different from the roundness error, could be useful for a more complete and easy verification of the form properties, for example in the case of the barrel rolling elements of a bearing.
Secondly, new procedures for a more robust verification process of traditional tolerances may also be proposed. From this viewpoint, for example, the ruledness error proposed in [72] may be an effective substitute for the generatrix straightness error, which is considered by the current ISO standards [8] and that is difficult to verify practically since the acquired points are not necessarily aligned along the ruled surface generatrices. With this new approach, then, the conformity of the generatrix to a straight line is not directly verified, but the uniformity of some local properties related to curvatures is. The neighborhood of the generatrix is, in fact, approximated by a univocally identified ruled paraboloid so that the deviation from this intrinsic reference is referred to as ruledness error. Finally, the development of accurate methodologies for discrete model segmentation allows broadening some concepts on which the tolerance standards are currently based, enriching so the semantics of the GPS language. On this purpose, a first interesting proposal can be found in [32] and it concerns the concept of non-ideal feature and, in particular, the fact that it may include several surface imperfections. These imperfections can be automatically recognized, attributed to the nonideal feature and measured by investigating the differential geometric properties of the tessellated model. Figure 6 shows an example of a non-ideal feature, the end cylindrical surface of the shaft, characterized by various surface imperfections. The preliminary identification of these imperfections is also important because it ensures that GPS operations such as filtering, extraction, derivation and association are always applied to the regular portion of non-ideal feature, without running the risk of imperfections being included.
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